The dierentiation of neuronal cells in the developing mammalian retina is closely coupled to cell cycle arrest and proceeds in a highly organized manner. Cyclin D1, which regulates cell proliferation in many cells, also drives the proliferation of photoreceptor progenitors. In the mouse retina, cyclin D1 protein normally decreases as photoreceptors mature. To study the importance of the down-regulation of cyclin D1 during photoreceptor development, we generated a transgenic mouse in which cyclin D1 was persistently expressed in developing photoreceptor cells. We observed numerous abnormalities in both photoreceptors and other nonphotoreceptor cells in the retina of these transgenic mice. In particular, we observed delayed opsin expression in developing photoreceptors and alterations in their number and morphology in the mature retina. These alterations were accompanied by disorganization of the inner nuclear and plexiform layers. The expression of cyclin D1 caused excess photoreceptor cell proliferation and apoptosis. Loss of the p53 tumor suppressor gene decreased cyclin D1-induced apoptosis and led to microscopic hyperplasia in the retina. These ®ndings are distinct from other mouse models in which the retinoblastoma gene pathway is disrupted and suggest that the IRBP ± cyclin D1 mouse model may recapitulate an early step in the development of retinoblastoma. Oncogene (2001) 20, 6742 ± 6751.
Introduction
The mammalian retina consists of six major types of neuronal cells and one type of glial cell, all of which are derived from a neuroepithelial evagination of the ventricular layer of the developing brain (reviewed in Reh and Levine, 1998; Cepko et al., 1996) . A number of mouse studies have demonstrated that (1) these distinct retinal cells are derived from a pool of homogeneous, multipotent progenitor cells (Cepko et al., 1996; Turner et al., 1990) and (2) the dierentiation process in the retina is closely coupled with irreversible cell cycle arrest (Reh and Levine, 1998; Cepko et al., 1996) . Importantly, when cell cycle arrest is disrupted in vitro or in vivo, neuronal dierentiation does not proceed normally (Dobashi et al., 1995; Poluha et al., 1996; Lee et al., 1994) . In order to study its importance in vivo in the retina, we sought to generate a transgenic mouse in which this normal cell cycle arrest would be disrupted.
The close coupling of cell cycle arrest with dierentiation in neuronal cells has been previously shown to involve the Rb gene (Lee et al., 1992 Jacks et al., 1992; Clarke et al., 1992) . The Rb gene encodes a protein RB that belongs to a family of related proteins, which includes p107 and p130 (Weinberg, 1995; DiCiommo et al., 2000; Riley et al., 1994) . RB, p107, and p130 directly or indirectly control cell proliferation, dierentiation, and apoptosis in a variety of cell types, including neuronal cells (Lin et al., 1996) . It has become clear that abnormalities in the control of the cell cycle, particularly those involving Rb, contribute to pathologic processes in the retina. For example, uncontrolled cell proliferation in retinal progenitor cells is a primary feature of retinoblastoma, the most common form of malignant eye tumor in children, which is caused by mutation of the retinoblastoma tumor suppressor gene RB (DiCiommo et al., 2000; Riley et al., 1994) .
Cyclins, a family of cell cycle regulated proteins, and their catalytic partners, cyclin-dependent kinases (cdks), are direct regulators of RB function (Sherr, 1996; Dynlacht, 1997) . Cyclin/cdk complexes phosphorylate RB, disrupt its interaction with other proteins, and drive the cell cycle transition from the G1 phase to the DNA synthesis (S) phase. Therefore, in order to disrupt the normal cell proliferation arrest in developing photoreceptor cells, we made a transgenic mouse in which the Interphotoreceptor retinoid binding protein (IRBP) promoter drove the ectopic expression of cyclin D1 in these cells. Cyclin D1 is normally expressed in these cells during embryonic development (Sicinski et al., 1995) , but it decreases as they dierentiate (see below). We hypothesized that the persistent expression of cyclin D1 in developing photoreceptors would alter their dierentiation and potentially lead to photoreceptor-derived tumors by disrupting the function of RB. In this manuscript we describe these abnormalities, which, surprisingly, seem to be dierent from those observed in other models in which the RB pathway is disrupted.
Results

Expression of endogenous cyclin D1 decreases as photoreceptor cells mature
Cyclin D1 is expressed in proliferating cells in the neural retina at embryonic day 14.5 of mouse development (Sicinski et al., 1995) . Because photoreceptors cease to proliferate as they dierentiate, we hypothesized that endogenous cyclin D1 expression would decrease concurrently. The proliferation of cells that are destined to become photoreceptors peaks at postnatal day P0, and few proliferating cells are detected after P5 (Young, 1985) . Consistent with our hypothesis, at P4 when photoreceptors are beginning to dierentiate (see below), few cells in the outer retina expressed cyclin D1 (Figure 1a) . At P6 and P10, although some cyclin D1-positive cells were detected within the developing inner nuclear layer (INL), no positive cells were detected in the outer nuclear layer (ONL) (Figure 1c and data not shown). The temporal correlation between decreased cyclin D1 expression and the morphologic changes in post-mitotic, dierentiating photoreceptor cells may be consistent with cyclin D1-dependent coordination of cell cycle arrest and dierentiation in photoreceptor cells.
Establishment of IRBP-cyclin D1 transgenic mice
Six transgenic mouse founder lines, which demonstrated germ line transmission of the IRBP ± cyclin D1 transgene, were studied. All founder mice and their Figure 1 Expression of endogenous and ectopic cyclin D1 during mouse retina development. Immunohistochemical staining for cyclin D1 in the retinas of wild-type and IRBP ± cyclin D1 transgenic littermates at postnatal day (P) 4 (a, b), and P6 (c, d). Cyclin D1-positive cells are present in the neuroblastic layer which develops into the inner nuclear layer of retinas of wild-type and transgenic mice (arrow) and are present in the outer nuclear layer in transgenic mice (arrowhead). Photomicrographs of the central retina were taken at 2006magni®cation and are oriented with the outer surface of the retina upward. Scale bar: 50 mm. RPE, retina pigment epithelium; NBL, neuroblastic layer; ONL and INL, outer and inner nuclear layers, respectively; OPL, IPL, outer and inner plexiform layers, respectively; GCL, ganglion cell layer ospring appeared to be healthy with no overt phenotype. Morphologic changes in the eyes of 2 ± 3-month-old progeny of these founder mice were analysed by light microscopy (data not shown). Mice from two of these transgenic lines (D15 and D40) which showed similar microscopic eye abnormalities were used in the remainder of the studies. To validate our transgenic model, we con®rmed that ectopic cyclin D1 protein was expressed in these mice. At P4, P6 and P10, cyclin D1 was detectable throughout the cells in the developing ONL of the retinas of transgenic mice, whereas its expression was largely excluded from these cells in wild-type mice (Figure 1a ± d and data not shown).
Ectopic expression of cyclin D1 in photoreceptors alters their development
Because cyclin D1 is known to drive cell proliferation (Hinds et al., 1992) , we hypothesized that the ectopic expression of cyclin D1 would increase the number of photoreceptors in the mature retina of IRBP ± cyclin D1 mice. However, retinas of mature transgenic mice appeared to contain fewer photoreceptor cells: the mature ONL, which normally contains approximately ten rows of photoreceptor cell nuclei, typically contained only two to ®ve rows in transgenic mice ( Figure 2A ). In contrast to the focal loss of photoreceptors in mice that lack cyclin D1 (Ma et al., 1998) , the loss of photoreceptors in IRBP ± cyclin D1 mice was observed throughout the retina.
To determine whether the IRBP ± cyclin D1 transgene alters the development of individual photoreceptor cells, we performed histologic studies of retinas taken from mice at various times during the ®rst two weeks of life. In these studies, we evaluated the expression of the photoreceptor-speci®c protein opsin (Morrow et al., 1998) . Although opsin was detected in many ONL cells in wild-type mice at P4, it was only detected in scattered cells in transgenic littermates at this age (Figure 2B, top) . At P14, opsin was detected in most cells in the ONL of both transgenic and wild-type mice ( Figure 2B, bottom) . Interestingly, though, numerous opsin-positive cells were detected in the INL in P14 transgenic mice but not in wild-type mice ( Figure 2B , bottom). Furthermore, higher magni®ca-tion indicated that photoreceptor cells in IRBP ± cyclin D1 mice appeared to lack outer segments ( Figure 2C ). Taken together, these ®ndings indicate that the ectopic expression of cyclin D1 in developing photoreceptor cells does not strictly prevent dierentiation, but it does alter morphology, delay the expression of opsin, and potentially cause aberrant localization of these cells within the retina.
Abnormal retina anatomy in transgenic mice
Because cell-to-cell signaling and the timing of cellular dierentiation are important during retina development (Cepko et al., 1996; Reh and Levine, 1998; Ross, 1996) , we determined whether cyclin D1-mediated changes in photoreceptor cells might aect other retinal cells. A number of abnormalities were observed in nonphotoreceptor cells in IRBP ± cyclin D1 mice after P4, at which time the retina appeared morphologically normal (Figure 3a,b) . First, the separation of the INL and ONL by the developing outer plexiform layer was delayed in IRBP ± cyclin D1 mice (compare Figure 3c with d). By P10, the outer plexiform layer was evident in transgenic mice, but it was irregular and poorly developed (compare Figure 3e and f) . Second, the INL appeared to be expanded and disorganized in transgenic mice (Figures 2A and 3e,f) . Third, cells were frequently observed within the normally acellular inner plexiform layer (Figures 2A and 3c,d ). Finally, ganglion cells, which are normally arranged in a single row in the innermost layer of the retina, were in disarray ( Figures 2A and 3c,d ). It is not known whether the non-photoreceptor cell abnormalities were due to low level expression of cyclin D1 in these cells or due to indirect eects of aberrant cyclin D1 in photoreceptor cells. It is also possible that some of these eects, such as delayed INL ± ONL separation, may contribute to certain photoreceptor-speci®c abnormalities, such as their aberrant localization within the INL.
Ectopic expression of cyclin D1 causes excess cell proliferation and apoptosis in maturing photoreceptors
As noted above, we hypothesized that persistent cyclin D1 expression would increase photoreceptor proliferation. To test this, we identi®ed retinal cells that were synthesizing DNA at speci®c times during the postnatal period in both normal and transgenic mice. By P6, the few BrdU-labeled cells in wild-type mouse retinas were located in the peripheral retina whereas many more BrdU-labeled cells were observed in both the central and peripheral retina in IRBP ± cyclin D1 littermates at P6 and P10 ( Figure 4A,a,b) . It is interesting to note that the number of BrdU-labeled cells in both regions of the retina decreased from P6 to P10. Thus, although persistent expression of cyclin D1 in developing photoreceptors drove excess DNA synthesis, a mechanism to eventually decrease the number of BrdU-positive cells in the transgenic mice seemed to be intact.
Because the number of photoreceptors in mature mice appeared to be decreased despite increased DNA synthesis in photoreceptor precursors and because the number of BrdU-positive cells decreased from P6 to P10, we suspected that ectopic cyclin D1 expression might cause apoptosis. A small degree of apoptosis normally occurs in the mouse retina during development (Young, 1984) . Consistent with this, we detected cells stained using terminal deoxyribonucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) in the INL and ONL through P13 ± 14 in wild-type mice (Figure 4Ba,b) . In the retinas of IRBP ± cyclin D1 mice, more TUNEL-labeled cells were observed in both the INL and ONL and in both the central and peripheral retina at P9 ± 10 and P13 ± 14 (Figure 4Bb ). These ®ndings indicate that ectopic . RPE, retina pigment epithelium; OS and IS, outer and inner segments, respectively; ONL and INL, outer and inner nuclear layers, respectively; OPL, IPL, outer and inner plexiform layers, respectively; GCL, ganglion cell layer expression of cyclin D1 in developing photoreceptors increases apoptosis in both photoreceptor and nonphotoreceptor cells in the developing retina.
Loss of p53 decreases apoptosis and allows focal hyperplasia in IRBP ± cyclin D1 mice Normal cells possess a p53-dependent mechanism to detect abnormal proliferation signals and activate a pro-apoptotic response (Sherr, 1998) . To determine whether the apoptosis observed in the retina of IRBP ± cyclin D1 transgenic mice was dependent on p53, we bred the transgenic mice into a p53 7/7 background. The loss of p53 was associated with a decrease (but not an absence) of apoptosis in retinas of transgenic mice at P6 and P13 ± 14 (Figure 4Bb and data not shown). Despite this decrease, there was no change in the average width of the ONL at P13 ± 14 in IRBP ± cyclin D1 with p53 versus those that lacked p53 [26.7 (standard error (s.e.) 2.3) mm versus 28.2 (se 1.7) mm, (P=0.61), respectively]. Other IRBP ± cyclin D1-induced abnormalities ± such as abnormal photoreceptor cell localization, loss of outer segments, INL disorganization, and cells within the inner plexiform layer ± Figure 3 Multiple abnormalities in non-photoreceptor cells in the retinas of IRBP ± cyclin D1 mice. Photomicrographs of the central retinas of wild-type and IRBP ± cyclin D1 mice at P4 (a, b), P6 (c, d), and P10 (e, f) are shown. Tissue was stained with hematoxylin and eosin and photographed at 4006magni®cation (a ± d) or 10006magni®cation (e, f). The outer surface of the retina is oriented upward. Scale bars: 25 mm (a ± d), 10 mm (e, f). ONL and INL, outer and inner nuclear layers, respectively; OPL, IPL, outer and inner plexiform layers, respectively; GCL, ganglion cell layer were also observed in IRBP-cyclin D1, p53
7/7 mice (compare Figure 5a and b with Figures 2 and 3 , and data not shown). Although the presence of these abnormalities was strictly p53-independent, our analyses do not exclude the possibility that their severity may be subtly altered in the absence of p53.
One expectation was that loss of p53 in IRBP ± cyclin D1 mice would cause photoreceptor-derived tumors. Serial sections through the entire eye of several IRBP ± cyclin D1, p53
7/7 mice only demonstrated two foci of apparent hyperplasia (Figure 5c,d) . The microscopic appearance of these foci suggested that they were not derived from photoreceptor cells (Figure 5d and data not shown). Consistent with this, quantitative measurements indicated that the loss of p53 allowed slight expansion of the non-photoreceptor INL in IRBP ± cyclin D1, p53 7/7 mice versus IRBP ± cyclin D1, p53+ mice [mean INL width: 83.0 (se 4.5) mm versus 66.1 (se 3.3) mm, respectively (P=0.013)]. Larger retinal tumors were not observed in 1 ± 4-month-old IRBP ± cyclin D1, p53 7/7 mice (n=7), nor were they observed in transgenic mice with at least one normal p53 allele (n=11). Hence, p53 prevents microscopic hyperplasia in the INL of IRBP ± cyclin D1 mice. However, loss of p53 does not seem to be sucient to induce macroscopic retina tumors. 
Discussion
This study was undertaken to evaluate the relationship between cell cycle arrest and photoreceptor dierentiation using a model in which a gene that normally drives cell proliferation in photoreceptor progenitors is persistently expressed. We observed that the persistent expression of cyclin D1 (1) disrupts photoreceptor dierentiation as manifested by delayed expression of opsin and lack of outer segments, (2) alters overall retina anatomy, and (3) causes excess proliferation and apoptosis in developing photoreceptor cells. However, this genetic defect is not sucient to cause macroscopic retina tumors, even in the absence of the tumor suppressor gene, p53. These ®ndings oer new insight into how genes in the RB pathway in¯uence photoreceptor dierentiation and retina development and they advance our understanding of genetic events that are required for photoreceptor-derived tumor formation.
Ectopic expression of cyclin D1 may alter photoreceptor cell dierentiation and retina development by two general mechanisms: by primarily aecting the cell cycle or by in¯uencing processes that are independent of the cell cycle. With respect to the former possibility, cyclin D1 causes hyperphosphorylation and inactivation of RB (Ewen et al., 1993; Dowdy et al., 1993; Hinds et al., 1992) , which augments E2F-1 activity and enhances cell proliferation (Dyson, 1998; Harbour and Dean, 2000) . Primary alterations of cell cycle exit might disrupt retina development by either altering neuronal cell fate decisions or by decreasing the eciency of the dierentiation process. Either mechanism could explain the observed abnormal photoreceptor morphology, inappropriate localization of photoreceptor cells into the INL, and the apparent expansion and disorganization of non-photoreceptor cells. Although this cell cycle-dependent model is reasonable, it is important to note that our ®ndings are dierent from those of previous reports in which the RB-E2F-1 pathway is disrupted in photoreceptors. First, in transgenic mouse models in which the IRBP promoter drives the expression of either human papilloma virus (HPV) E7 or E2F-1, the most prominent phenotypes are retinal dysplasia, manifested by rosette formation, and massive apoptosis (Howes et al., 1994b; Lin et al., 2001) . Similarly, retinal dysplasia is a prominent ®nding in mice that are de®cient in both Rb and the related p107 gene . Altered photoreceptor cell localization and abnormal inner retinal layers were not reported in those studies, and we did not observe dysplastic photoreceptor rosettes in Figure 5 Absence of p53 causes focal hyperplasia in retina of IRBP ± cyclin D1 mice without altering other retina abnormalities. Photomicrographs of H and E-stained retinas of IRBP ± cyclin D1, p53 7/7 mice harvested at P6 (a), P13 (b), P40 (c), and P120 (d) were taken at 2006magni®cation. The outer surface of the retina is oriented upward. Scale bars: 50 mm. ONL and INL, outer and inner nuclear layer, respectively the IRBP ± cyclin D1 mice. Given these dierences, we must consider that cyclin D1 may have eects that are independent of the RB ± E2F-1 pathway and the cell cycle.
There are dierent mechanisms by which cyclin D1 could regulate photoreceptor dierentiation in a manner that is independent of the cell cycle. For example, as has been suggested for myogenic transcription factors (Skapek et al., 1995; Rao et al., 1994) , cyclin D1-associated cdk activity may alter the function of a transcription factor that in¯uences retinal cell fate or photoreceptor-speci®c gene expression. Alternatively, cyclin D1 could exert its eects by shifting the relative levels of other cyclin/cdk complexes and CKIs (Sherr and Roberts, 1999) . This mechanism is particularly interesting given the role of certain CKIs in retinogenesis. For example, mice lacking p27 Kip1 show retinal dysplasia and apparent expansion of the INL similar to that observed in our IRBP ± cyclin D1 mice (Nakayama et al., 1996) . Others have shown that loss of p27
Kip1 or p57 Kip2 in the mouse retina or forced expression of p27
Xic1 in the Xenopus retina alters cell cycle exit and development of speci®c retinal cell types (Levine et al., 2000; Dyer and Cepko, 2000; Ohnuma et al., 1999) . However, the eects of p27 Xic1 appear to be separable from its function as a formal cdk regulator (Ohnuma et al., 1999) . Further experiments will be required to clarify the mechanism by which persistent expression of cyclin D1 in developing photoreceptor precursors alters retina development.
Another prominent phenotype in IRBP ± cyclin D1 mice was the decreased number of photoreceptor cells in the retinas of mature mice, likely because of both p53-dependent and p53-independent apoptosis. There are several mechanisms by which cyclin D1 may induce apoptosis in the developing photoreceptors. For example, loss of RB (Jacks et al., 1992; Lee et al., 1992 Lee et al., , 1994 Clarke et al., 1992; Lin et al., 2001) or transgenic expression of HPV E7 to disrupt RB function (Howes et al., 1994b) enhances apoptosis in neuronal cells, including the mouse retina. Secondly, dysregulated cyclin D1 may signal to the p19 ARF tumor suppressor to induce apoptosis in response to abnormal proliferation signals (Sherr, 1998) . A ®nal mechanism to account for cyclin D1-induced apoptosis in photoreceptors may be related to its eects on photoreceptor dierentiation. It is established that even subtle abnormalities in photoreceptor development, such as expression of mutated forms of the lightsensing protein rhodopsin can lead to photoreceptor loss by apoptosis (Chang et al., 1993 , Humphries et al., 1997 . Whether the apoptosis observed in the IRBP ± cyclin D1 mice is due to disruption of the RB-like protein function, due to a p19 ARF -dependent pathway that responds to abnormal proliferative signals or due to abnormal photoreceptor dierentiation will require further studies.
A ®nal issue raised by these studies is the tumorigenic capacity of cyclin D1 and the role of p53 as a tumor suppressor in photoreceptor cells that express cyclin D1. In our studies, occasional microscopic hyperplastic foci were found in the INL of the retinas of p53 7/7 transgenic mice. Interestingly, the morphology of the cells in these foci suggests that they are not composed of photoreceptor cells. A similar ®nding has been observed in IRBP ± E2F-1, p53 7/7 mice (Lin et al., 2001) , and in chimeric mice in which retina cells were derived from Rb 7/7 , p107 7/7 mice which developed tumors of amacrine cell origin (Robanus-Maandag et al., 1998) . These ®ndings are in contrast to those of previous work in which mice expressing IRBP-simian virus 40 large T antigen (SV40 ± Tag) and IRBP ± HPV E7, p53 7/7 mice, both of which caused large photoreceptorderived tumors (Howes et al., 1994a,b) . The dierences in retinal tumor formation in these transgenic models suggest that the p53 tumor suppressor prevents microscopic foci of hyperplasia induced by cyclin D1, but further genetic mutations are probably required for the development of macroscopic retinal tumors. These additional changes either may not be required or may accumulate more readily in photoreceptor cells expressing SV40 ± Tag or HPV E7. Identifying these additional genetic changes may oer a useful insight into mechanisms driving retina tumor development when the cyclin-RB ± E2F pathway is disrupted.
Materials and methods
Animals and animal maintenance
Wild-type C57BL6 mice and p53 7/7 mice (Donehower et al., 1992) were maintained in isolator cages according to standard husbandry practice. Animal studies were approved by the relevant institutional review boards at the University of Texas Health Science Center and St. Jude Children's Research Hospital.
IRBP ± cyclin D1 transgene construction
The pIRBP ± cyclin D1 transgene was made by using the pBS/ pKCR3 plasmid modi®ed from pKCR3 (Howes et al., 1994b) (provided by J Windle, University of Texas Health Science Center at San Antonio, USA). The plasmid contained 1.9 kb of DNA from the mouse IRBP promoter, which includes the transcription start site, and a portion of the rabbit b-globin gene, which provides splicing elements and a polyadenylation signal (Howes et al., 1994b) . Human cyclin D1 cDNA, which contained a translation initiation codon and a hemagglutinin (HA) tag at the COOH terminus, was obtained by BamHI and NotI digestion of the pRC/cyclin D1 plasmid (Dowdy et al., 1993 , Hinds et al., 1992 (provided by P. Hinds, Harvard Medical School, USA). The ends of this restriction fragment were ®lled in with Klenow DNA polymerase and then subcloned into the EcoRI enzyme site (also ®lled in with Klenow DNA polymerase) within exon 3 of the b-globin gene (as previously described Howes et al., 1994b) to generate the pIRBP ± cyclin D1 plasmid. Restriction enzyme digests con®rmed the correct orientation of the cDNA insert.
Transgenic mouse production and analysis
The puri®ed pIRBP ± cyclin D1 plasmid was digested with XhoI enzyme to release a *4.0 kb cDNA fragment that contained the IRBP promoter and cyclin D1 cDNA, which included the polyadenylation signal. This fragment was gelpuri®ed and injected into the pronuclei of fertilized eggs derived from CB6 F16C57BL6 intercrosses, according to standard protocols.
To determine the genotype of the ospring, genomic DNA was isolated from either tail biopsy samples or tail vein blood samples and analysed by either Southern blotting or PCR. Southern blotting was performed by digesting genomic DNA with Nco1 enzyme and probing the blot with a gel-puri®ed, 32 P-dCTP-labeled cDNA probe containing the IRBP ± cyclin D1 cDNA. PCR was performed by using 5'-gATCCACTAgTAACggCCgC as the 5' primer (complementary to sequence from the pRC/CMV plasmid polylinker immediately adjacent to the cyclin D1 cDNA) and 5'-ACACATTTgAAgTAggACACCg as the 3' primer taken from the human cyclin D1 cDNA. PCR reactions were performed by using 35 cycles at the following conditions: 948F630 sec to denature the samples, 638F630 sec for annealing the DNA, and 728F61 minute for extension. The expected 350-bp PCR product was visualized by ethidium bromide staining after it had been subjected to agarose gel electrophoresis.
Histologic studies
Morphological studies were performed on mouse retina tissue at P4, P6, P10, P13, P14, P40 and P120. For these studies, mice were killed by cervical dislocation immediately before surgical removal of the eyes. Eyes were ®xed for 18 ± 24 h in 4% paraformaldehyde in phosphate-buered saline and then embedded in paran blocks, according to standard techniques. Sections 4 mm or 5 mm thick were stained for (1) cell type distinction with hematoxylin and eosin, (2) presence of cyclin D1 and opsin, or (3) apoptosis with TUNEL. Thin sections (0.75 mm) were stained with Toluidine blue-O. In a separate set of experiments, proliferation of retinal cells was examined. In those studies, mice received an intraperitoneal injection of bromodeoxyuridine (BrdU) at a dose of 100 mg per g of body weight 2 ± 3 h before their eyes were harvested, ®xed, and processed, as described above.
For immunohistochemical staining, the following antibodies were used: mouse anti-cyclin D1 (1 : 400, Zymed Laboratories, San Francisco, CA, USA), mouse anti-opsin (obtained from D Papermaster), and mouse anti-BrdU (1 : 200, Becton Dickinson, San Jose, CA, USA). After the cells were stained with primary antibody, secondary antibody staining was performed by using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) with Vector VIP or DAB substrates and methyl green or hematoxylin counterstain, according to the manufacturer's recommendations. TUNEL staining was performed as previously described (Howes et al., 1994b; Gavrieli et al., 1992) .
For quantitative data, the average number of BrdU-or TUNEL-labeled cells, and the average width of the ONL and INL were determined using a light microscope. Measurements in the central retina and peripheral retina were within 250 mm of the optic nerve or the most anterior aspect of the neuroretina, respectively. Two to six stained sections from 1 (BrdU at P6), or 2 ± 4 (all other variables) mice of each genotype were analysed to obtain quantitative data. The values are expressed as mean and standard error of the mean. Statistical analyses were performed for ONL and INL thickness, BrdU labeling at P10, and TUNEL labeling at P9-10 and P13-14 using a repeated measures model for normal outcome (Diggle et al., 1994) , with the Bonferroni procedure to adjust for multiple comparisons within each age group.
Photomicrography was performed by using an Olympus BX60 microscope (Olympus, Melville, NY, USA) equipped with an Olympus PM-30 camera to produce 35-mm slides. Digital images were captured by using a Nikon Coolscan III LS-30 ®lm scanner (Nikon, Inc., Melville, NY, USA) and the Adobe Photoshop 5.0 software program.
